INTRODUCTION
Mapping of transcriptome changes in cellular function and disease has been transformed by technological advances over the last two decades, from microarrays (Schena et al., 1995) to next-generation sequencing and single-cell studies (Shendure et al., 2017) . However, interrogating the function of individual transcript dynamics and establishing causal linkages between observed transcriptional changes and cellular phenotype requires the ability to actively control or modulate desired transcripts.
DNA engineering technologies such as CRISPR-Cas9 (Doudna and Charpentier, 2014; Hsu et al., 2014) enable researchers to dissect the function of specific genetic elements or correct disease-causing mutations. However, simple and scalable tools to study and manipulate RNA lag significantly behind their DNA counterparts. Existing RNA interference technologies, which enable cleavage or inhibition of desired transcripts, have significant off-target effects and remain challenging engineering targets due to their key role in endogenous processes (Birmingham et al., 2006; Jackson et al., 2003) . As a result, methods for studying the functional role of RNAs directly have remained limited.
One of the key restrictions in RNA engineering has been the lack of RNA-binding domains that can be easily retargeted and introduced into target cells. The MS2 RNA-binding domain, for example, recognizes an invariant 21-nucleotide (nt) RNA sequence (Peabody, 1993) , therefore requiring genomic modification to tag a desired transcript. Pumilio homology domains possess modular repeats with each protein module recognizing a separate RNA base, but they can only be targeted to short 8 nt RNA sequences (Cheong and Hall, 2006) . While previously characterized type II (Batra et al., 2017; O'Connell et al., 2014) and VI (Abudayyeh et al., 2016; East-Seletsky et al., 2016) CRISPR-Cas systems can be reprogrammed to recognize 20-30 nt RNAs, their large size ($1,200 amino acids [aa] ) makes it difficult to package into adeno-associated virus (AAV) for primary cell and in vivo delivery.
Reasoning that diverse RNA-targeting CRISPR systems and their associated defense nucleases remain largely unexplored and may harbor advantageous properties, we conducted bioinformatic analysis of prokaryotic genomes to identify sequence signatures of CRISPR-Cas repeat arrays and mine previously uncharacterized, compact Cas ribonucleases that could be developed into RNA targeting tools. We demonstrate that engineered type VI-D CRISPR effectors can be used to efficiently knock down endogenous RNAs in human cells and manipulate alternative splicing, paving the way for RNA targeting applications and further effector domain fusions as part of a transcriptome engineering toolbox.
require only a single nuclease for CRISPR interference such as Cas9, Cas12a (formerly Cpf1), or Cas13a (formerly C2c2) Shmakov et al., 2015) . To improve upon previous strategies for bioinformatic mining of CRISPR systems, which focus on discovering sets of conserved Cas genes involved in spacer acquisition (Shmakov et al., 2015) , we defined the minimal requirements for a CRISPR locus to be the presence of a CRISPR repeat array and a nearby effector nuclease. Using the CRISPR array as a search anchor, we first obtained all prokaryotic genome assemblies and scaffolds from the NCBI WGS database and adapted algorithms for de novo CRISPR array detection (Bland et al., 2007; Edgar, 2007; Grissa et al., 2007) to identify 21,175 putative CRISPR repeat arrays ( Figure S1A ).
Up to 20 kb of genomic DNA sequence flanking each CRISPR array was extracted to identify predicted protein-coding genes in the immediate vicinity. Candidate loci containing signature genes of known class 1 and class 2 CRISPR-Cas systems such as Cas3 or Cas9 were excluded from further analysis, except for Cas12a and Cas13a to judge the ability of our pipeline to detect and cluster these known class 2 effector families. To identify new class 2 Cas effectors, we required candidate proteins to be >750 residues in length and within 5 proteincoding genes of the repeat array, as large proteins closely associated with CRISPR repeats are key characteristics of known single effectors. The resulting proteins were classified into 408 putative protein families using single-linkage hierarchical clustering based on homology.
To discard protein clusters that reside in close proximity to CRISPR arrays due to chance or overall abundance in the genome, we next identified additional homologous proteins to each cluster from the NCBI non-redundant protein database and determined their proximity to a CRISPR array. Reasoning that true Cas genes would have a high co-occurrence rate with CRISPR repeats, >70% of the proteins for each expanded cluster were required to exist within 20 kb of a CRISPR repeat. These remaining protein families were analyzed for nuclease domains and motifs.
Among the candidates, which include the recently described Cas13b system (Smargon et al., 2017) , we identified a family of uncharacterized putative class 2 CRISPR-Cas systems encoding a candidate CRISPR-associated ribonuclease containing 2 predicted HEPN ribonuclease motifs (Anantharaman et al., 2013) ( Figure 1A ). Importantly, they are among the smallest class 2 CRISPR effectors described to date ($930 aa). The type VI CRISPR-Cas13 superfamily is exemplified by sequence-divergent, single-effector signature nucleases and the presence of two HEPN domains. Other than these two RxxxxH HEPN motifs ( Figure S2A ), our candidate effectors have no significant sequence similarity to previously described Cas13 enzymes, so we designated this family of putative CRISPR ribonucleases as type VI Cas13d or type VI-D ( Figure S2B ). CRISPR-Cas13d systems are derived from gut-resident microbes, so we sought to expand the Cas13d family via alignment to metagenomic contigs from recent large-scale microbiome sequencing efforts. Comparison of Cas13d proteins against public metagenome sequences without predicted open reading frames (ORFs) identified additional full-length systems as well as multiple effector and array fragments that cluster in several distinct branches ( Figure S1B ). To generate full-length Cas13d ortholog proteins and loci from the different branches of the Cas13d protein family, we obtained genomic DNA samples from associated assemblies and performed targeted Sanger sequencing to fill in gaps due to incomplete sequencing coverage, such as for the metagenomic ortholog ''Anaerobic digester metagenome'' (Adm) (Treu et al., 2016) .
Cas13d CRISPR loci are largely clustered within benign, Gram-positive gut bacteria of the genus Ruminococcus and exhibit a surprising diversity of CRISPR locus architectures (Figure 1A) . With the exception of the metagenomic AdmCas13d system, Cas13d systems lack the key spacer acquisition protein Cas1 (Yosef et al., 2012) within their CRISPR locus, highlighting the utility of a class 2 CRISPR discovery pipeline without Cas1 or Cas2 gene requirements. Cas13d direct repeats (DRs) are highly conserved in length and predicted secondary structure (Figure S2C) , with a 36 nt length, an 8-10 nt stem with A/U-rich loop, and a 5 0 -AAAAC motif at the 3 0 end of the direct repeat (Figure S2D ). This conserved 5 0 -AAAAC motif has been previously shown to be specifically recognized by a type II Cas1/2 spacer acquisition complex (Wright and Doudna, 2016) . In fact, Cas1 can be found in relative proximity to some Cas13d systems (within 10-30 kb for P1E0 and Rfx) while the remaining Cas13d-containing bacteria contain Cas1 elsewhere in their genomes, likely as part of another CRISPR locus.
CRISPR-Cas13d Possesses Dual RNase Activities
To assess if the Cas13d repeat array is transcribed and processed into mature CRISPR guide RNAs (gRNA) as predicted (Deltcheva et al., 2011) , we cloned the Cas13d CRISPR locus from an uncultured Ruminococcus sp. sample (Ur) into a bacterial expression plasmid. CRISPR systems tend to form self-contained operons with the necessary regulatory sequences for independent expression, facilitating heterologous expression in E. coli (Gasiunas et al., 2012) . RNA sequencing (Heidrich et al., 2015) revealed processing of the array into $52 nt mature gRNAs, with a 30 nt 5 0 direct repeat followed by a variable 3 0 spacer that ranged from 14-26 nt in length ( Figure 1B ). To characterize Cas13d properties in vitro, we next purified Eubacterium siraeum Cas13d protein (EsCas13d) based on its robust recombinant expression in E. coli ( Figure S3 ) and found that EsCas13d was solely sufficient to process its matching CRISPR array into constituent guides without additional helper ribonucleases ( Figure 1C ; Table S1 ), a property shared by some class 2 CRISPR-Cas systems (East-Seletsky et al., 2016; Fonfara et al., 2016; Smargon et al., 2017) . Furthermore, inactivating the positively charged catalytic residues of the HEPN motifs (Anantharaman et al., 2013) (dCas13d: R295A, H300A, R849A, H854A) did not affect array processing, indicating a distinct RNase activity dictating guide RNA biogenesis analogous to Cas13a (East-Seletsky et al., 2016; Liu et al., 2017).
Cas effector proteins typically form a binary complex with mature gRNA to generate an RNA-guided surveillance ribonucleoprotein capable of cleaving foreign nucleic acids for immune defense (van der Oost et al., 2014) . To assess if Cas13d has programmable RNA targeting activity as predicted by the presence of two HEPN motifs, EsCas13d protein was paired with an array or a mature gRNA along with a cognate in vitro-transcribed target. Based on the RNA sequencing results, we selected a mature gRNA containing a 30 nt direct repeat and an intermediate spacer length of 22 nt.
Cas13d was able to efficiently cleave the complementary target single-stranded RNA (ssRNA) with both the unprocessed array and mature gRNA in a guide-sequencedependent manner, while non-matching spacer sequences abolished Cas13d activity (Figure 2A ). Substitution with dCas13d or the addition of EDTA to the cleavage reaction also abolished guide-dependent RNA targeting, indicating that Cas13d targeting is HEPN-and Mg . To determine the minimal spacer length for efficient Cas13d targeting, we next generated a series of spacer truncations ranging from the unprocessed 30 nt length down to 10 nt ( Figure S4A ). Cleavage activity dropped significantly below a 21 nt spacer length, confirming the choice of a 22 nt spacer ( Figure S4B ).
RNA-targeting class 2 CRISPR systems have been proposed to act as sensors of foreign RNAs (Abudayyeh et al., 2016; East-Seletsky et al., 2016) , where general RNase activity of the effector nuclease is triggered by a guide-matching target. To assay for a similar property in Cas13d, RNase activity of the binary EsCas13d:gRNA complex was monitored in the presence of a matching RNA target. We observed that EsCas13d can be activated by target RNA to cleave bystander RNA targets ( Figure 2C ), albeit inefficiently relative to its activity on the complementary ssRNA target. Bystander cleavage is guide sequence-and HEPN-dependent, as the presence of non-matching bystander target alone was insufficient to induce cleavage while substitution of dCas13d or addition of EDTA abolished activity. These results suggest that bystander RNase activity may be a general property of RNA-targeting class 2 systems in CRISPR adaptive bacterial immunity ( Figure 2D ).
To assess the generalizability of Cas13d reprogramming, we first generated 12 guides tiling a complementary RNA target and observed efficient cleavage in all cases ( Figure 3A ). Cas13d was unable to cleave a single-stranded DNA (ssDNA) ( Figure S4C ) or double-stranded DNA (dsDNA) ( Figure S4D ) version of the ssRNA target, indicating that Cas13d is an RNAspecific nuclease. Further, RNA target cleavage did not appear to depend on the protospacer flanking sequence (PFS) (Figure 3A) in contrast to other RNA-targeting class 2 systems, which require a 3 0 -H (Abudayyeh et al., 2016) or a double-sided, DR-proximal 5 0 -D and 3 0 -NAN or NNA (Smargon et al., 2017 ). Although we initially observed a slight bias against an adenine PFS ( Figure S4E ), varying the target PFS base with a constant guide sequence resulted in no significant differences (p = 0.768) in targeting efficiency ( Figure S4F ).
While DNA-targeting class 2 CRISPR systems (Gasiunas et al., 2012; Jinek et al., 2012; Zetsche et al., 2015) and some RNA-targeting class 1 systems tend to cleave at defined positions relative to the target-guide duplex (Samai et al., 2015; Zhang et al., 2016) , the Cas13d cleavage pattern varies for different targets (Figures 2A, 2C , and S4H) and remains remarkably similar despite the guide sequence position ( Figure 3A ). This suggests that Cas13d may preferentially cleave specific sequences or structurally accessible regions in the target RNA. We tested Cas13d activity on targets containing variable homopolymer repeats in the loop region of a hairpin or as a linear single-stranded Figure S4 and Table S1 .
repeat. EsCas13d exhibited significant preference for uracil bases in both target structures, with lower but detectable activity at all other bases ( Figure 3B ). Cas enzymes are found in nearly all archaea and in approximately half of bacteria (Hsu et al., 2014; van der Oost et al., 2014) , spanning a wide range of environmental temperatures. To determine the optimal temperature range for Cas13d activity, we next tested a spectrum of cleavage temperature conditions from 16 C-62 C and observed maximal activity in the 24 C-41 C range (Figures S4G and S4H) . This temperature range is compatible with a wide range of prokaryotic and eukaryotic hosts, raising the possibility of adapting Cas13d for RNA targeting in different cells and organisms.
Cell-Based Activity Screen of Engineered Orthologs
We next sought to develop the Cas13d nuclease into a flexible tool for programmable RNA targeting in mammalian cells. CRISPR orthologs from distinct bacterial species commonly exhibit variable activity East-Seletsky et al., 2017) , especially upon heterologous expression in human cells (Ran et al., 2015; Zetsche et al., 2017) . We therefore sought to identify highly active Cas13d orthologs in a eukaryotic cell-based mCherry reporter screen.
By synthesizing human codon-optimized versions of 7 orthologs from distinct branches within the Cas13d family ( Figure S1B ), we generated mammalian expression plasmids carrying the catalytically active and HEPN-inactive proteins. Each protein was then optionally fused to N-and C-terminal nuclear localization signals (NLS). These Cas13d effector designs were HA-tagged and paired with two distinct guide RNA architectures, either with a 30 nt spacer flanked by two direct repeat sequences to mimic an unprocessed guide RNA (pre-gRNA) or a 30 nt direct repeat with 22 nt spacer (gRNA) predicted to mimic mature guide RNAs ( Figure 4A ). For each guide design, four distinct spacer sequences complementary to the mCherry transcript were then pooled to minimize potential spacer-dependent variability in targeting efficiency. We then assessed the ability of Cas13d to knock down mCherry protein levels in a human embryonic kidney (HEK) 293FT cell-based reporter assay.
48 hr post-transfection, flow cytometry indicated that RfxCas13d and AdmCas13d efficiently knocked down mCherry protein levels by up to 92% and 87% (p < 0.0003), respectively, (B) Cas13d preferentially cleaves uracil bases in the loop of a hairpin or a linear homopolymer repeat, which is interrupted every 5 nt by a transition mutation (X) to enable synthesis. See also Figure S4 and Table S1 .
relative to a non-targeting control guide ( Figure 4B ). In contrast, EsCas13d along with RaCas13d and RffCas13d exhibited limited activity in human cells. Furthermore, none of the HEPN-inactive Rfx-dCas13d constructs significantly affected mCherry fluorescence, suggesting HEPN-dependent knockdown (p > 0.43 for all cases). Robust nuclear translocation of the Rfx and AdmCas13d NLS fusion constructs was observed via immunocytochemistry, while the wildtype effectors remain primarily extra-nuclear ( Figure 4C ).
Proceeding with RfxCas13d and AdmCas13d as lead candidates, we next compared their ability to knock down endogenous transcripts. To determine the optimal ortholog and guide architecture, we systematically assayed the capability of Rfx and AdmCas13d construct variants to target beta-1,4-N-acetyl-galactosaminyltransferase 1 (B4GALNT1) transcripts. In each condition, we again pooled four guides containing distinct spacer sequences tiling the B4GALNT1 transcript. We found that the RfxCas13d-NLS fusion targeted B4GALNT1 more efficiently than wild-type RfxCas13d and both variants of AdmCas13d, with both the gRNA and pre-gRNA mediating potent knockdown ($82%, p < 0.0001) ( Figure 4D ). We therefore chose Cas13d-NLS from Ruminococcus flavefaciens strain XPD3002 (CasRx) for the remaining experiments.
Programmable RNA Knockdown in Human Cells with CasRx Because Cas13d is capable of processing its own CRISPR array, we next leveraged this property for the simultaneous delivery of multiple targeting guides in a simple single-vector system ( Figure 5A ). Arrays encoding four spacers that each tile the transcripts of mRNAs (B4GALNT1 and ANXA4) or nuclear localized long non-coding RNAs (lncRNAs) (HOTTIP and MALAT1) consistently facilitated robust (>90%) RNA knockdown by CasRx (p < 0.0001) ( Figure 5B ).
We next sought to benchmark CasRx against more established technologies for transcript knockdown or repression, comparing CasRx-mediated RNA interference to dCas9-mediated CRISPR interference (Gilbert et al., 2013 (Gilbert et al., , 2014 and spacer sequence-matched small hairpin RNAs (shRNAs) via transient transfection ( Figure 5C ). For CRISPRi-based repression, we included the most potent dCas9 guide for B4GALNT1 from previous reports (Gilbert et al., 2014; Zalatan et al., 2015) . Across 3 endogenous transcripts, CasRx outperformed shRNAs (11/11) and CRISPRi (4/4) in each case ( Figure 5D ), exhibiting a median knockdown of 96% compared to 65% for shRNA and 53% for CRISPRi after 48 hr. In addition, we compared knockdown by CasRx to two recently described Cas13a and Cas13b effectors Cox et al., 2017) (Figure S5A ). Across three genes and eight guide RNAs, CasRx mediated significantly greater transcript knockdown than both LwaCas13a-msfGFP-NLS and PspCas13b-NES (median: 97% compared to 80% and 66% respectively, p < 0.0001) ( Figure S5B ).
RNAi has been widely used to disrupt any gene of interest due to a combination of simple re-targeting principles, scalable synthesis, knockdown potency, and ease of reagent delivery. However, widespread off-target transcript silencing has been a consistent concern (Jackson et al., 2003; Sigoillot et al., 2012) S5 and S6 and Tables S2, S3 , S4, and S5.
Consistent with these reports, upon RNA sequencing of human cells transfected with a B4GALNT1-targeting shRNA, we observed widespread off-target transcriptional changes relative to a non-targeting shRNA (>500 significant off-target changes, p < 0.01, Figures 5E and 5G ). In contrast, transcriptome profiling of spacer-matched CasRx guide RNAs revealed no significant off-target changes other than the targeted transcript ( Figure 5F ). This suggests that the moderate bystander cleavage observed in vitro ( Figure 2C ) may not result in observable off-target transcriptome perturbation in mammalian cells. We observed a similar pattern when targeting ANXA4 ( Figure S6 ), with over 900 significant off-target changes resulting from shRNA targeting compared to zero with CasRx ( Figure 5G ). To confirm that CasRx interference is broadly applicable, we selected a panel of 11 additional genes with diverse roles in cancer, cell signaling, and epigenetic regulation and screened 3 guides per gene. CasRx consistently mediated high levels of transcript knockdown across genes with a median reduction of 96% ( Figure 5H ). Each tested guide mediated at least 80% knockdown, underscoring the consistency of the CasRx system for RNA interference.
Splice Isoform Engineering with dCasRx
Our experiments on RNA targeting with CasRx revealed that target RNA and protein knockdown is dependent on the catalytic activity of the HEPN domains ( Figures 2B and 4B ). The same guide sequences mediating efficient knockdown with CasRx failed to significantly reduce mCherry levels when paired with catalytically inactive dCasRx ( Figure 4B ), indicating that targeting of dCasRx to the coding portion of mRNA does not necessarily perturb protein translation. This observation suggested the possibility of utilizing dCasRx for targeting of specific coding and non-coding elements within a transcript to study and manipulate RNA. To validate this concept, we sought to expand the utility of the dCasRx system by creating a splice effector.
Alternative splicing is generally regulated by the interaction of cis-acting elements in the pre-mRNA with positive or negative trans-acting splicing factors, which can mediate exon inclusion or exclusion (Matera and Wang, 2014; Wang et al., 2015) . We reasoned that dCasRx binding to such motifs may be sufficient for targeted isoform perturbation. For proof-of-concept, we identified distinct splice elements in a bichromatic splicing reporter containing DsRed upstream of mTagBFP2 in two different reading frames following an alternatively spliced exon (Orengo et al., 2006) (Figure 6A ). Inclusion or exclusion of this second exon toggles the reading frame and resulting fluorescence, facilitating quantitative readout of splicing patterns by flow cytometry. To mediate exon skipping, four guide RNAs were designed to target the intronic branchpoint nucleotide, splice acceptor site, putative exonic splice enhancer, and splice donor of exon 2.
One widespread family of negative splice factors are the highly conserved heterogeneous nuclear ribonucleoproteins (hnRNPs), which typically inhibit exon inclusion via a C-terminal, glycinerich domain (Wang et al., 2015) . We targeted the splicing reporter with dCasRx and engineered fusions to the Gly-rich C-terminal domain of hnRNPa1, one of the most abundant hnRNP family members ( Figure 6B) .
Guide position appears to be a major determinant of the efficiency of engineered exon skipping. While each guide position mediated a significant increase in exon exclusion (p < 0.0001 in all cases) relative to the non-targeting guide, targeting the splice acceptor resulted in the most potent exon exclusion (increase from 8% basal skipping to 65% for dCasRx alone and 75% with hnRNPa1 fusion). By comparison, dLwaCas13a-msfGFP-NLS mediated significantly lower levels of exon skipping across all four positions (19% skipping for splice acceptor guide) ( Figures S5C and S5D , p < 0.0001).
Targeting all 4 positions simultaneously with a CRISPR array achieved higher levels of exon skipping than individual guides alone (81% for dCasRx and 85% for hnRNPa1 fusion, p < 0.006 compared to splice acceptor site [SA] guide) (Figure 6B) . These results indicate that dCasRx allows for tuning of isoform ratios through varying guide placement and suggest that it can be leveraged as an efficient RNA binding module in human cells for targeting and manipulation of specific RNA elements.
Viral Delivery of dCasRx to a Neuronal Model of Frontotemporal Dementia
The Cas13d family averages 930 amino acids in length, in contrast to Cas9 ($1,100 aa to $1,400 aa depending on subtype, with compact outliers such as CjCas9 or SaCas9), Cas13a (1,250 aa), Cas13b (1,150 aa), and Cas13c (1,120 aa) ( Figure S2B ) (Chylinski et al., 2013; Cox et al., 2017; Hsu et al., 2014; Kim et al., 2017; Shmakov et al., 2015; Smargon et al., 2017) . Although AAV is a versatile vehicle for transgene delivery and gene therapy due to its broad range of capsid serotypes, low levels of insertional mutagenesis, and lack of apparent pathogenicity, its limited packaging capacity ($4.7 kb) makes it challenging to effectively deliver many single effector CRISPR enzymes Ran et al., 2015; Swiech et al., 2015) . The remarkably small size of Cas13d effectors render them uniquely suited for all-in-one AAV delivery with a CRISPR array, an optional effector domain, and requisite expression or regulatory elements ( Figure 6C ).
Frontotemporal dementia with parkinsonism linked to chromosome 17 (FTDP-17) is an autosomal dominant major neurodegenerative disease caused by diverse point mutations in MAPT, the gene encoding for tau. Tau exists as two major isoforms in human neurons, 4R and 3R, which are distinguished by the presence or absence of MAPT exon 10 and thus contain 4 or 3 microtubule binding domains. The balance of these two isoforms is generally perturbed in FTDP-17 as well as other tauopathies, driving the progression of neurodegeneration (Boeve and Hutton, 2008) . Some forms of FTD are caused by mutations in the intron following MAPT exon 10 that disrupt an intronic splice silencer and elevate the expression of 4R tau (Kar et al., 2005) , thereby inducing pathological changes (Schoch et al., 2016) .
We reasoned that dCasRx targeted to MAPT exon 10 could induce exon exclusion to alleviate dysregulated 4R/3R tau ratios. Patient-derived human-induced pluripotent stem cells (hiPSCs) were differentiated into cortical neurons via Neurogenin-2 directed differentiation for 2 weeks (Zhang et al., 2013) . Postmitotic neurons were then transduced with AAV1 carrying dCasRx ( Figure 6D ) paired with a repeat array containing 3 spacers that target the exon 10 splice acceptor and two putative exonic splice enhancers ( Figure 6E ). dCasRx-mediated exon exclusion was able to reduce the relative 4R/3R tau ratio by nearly 50% relative to a BFP vehicle control ( Figure 6F ) and to a level similar to unaffected control neurons, suggesting that CasRx can be exploited for transcriptional modulation in primary cell types via AAV delivery.
DISCUSSION
Class 2 CRISPR systems are found throughout diverse bacterial and archaeal life. Using a minimal definition of the CRISPR locus for bioinformatic mining of prokaryotic genome and metagenome sequences, which requires only a CRISPR repeat array and a nearby protein, we report the identification of an uncharacterized, remarkably compact family of RNA-targeting class 2 CRISPR systems that we designate Type VI CRISPRCas13d.
Because CRISPR systems generally exist as a functional operon within 20 kb of genome sequence, even fragmented metagenome reads may be sufficient to recover useful Cas enzymes for bioengineering purposes. CRISPR genome mining strategies described here and by others (Shmakov et al., 2015) , combined with ongoing efforts to profile microbial populations via next-generation sequencing, should be anticipated to contribute mechanistically diverse additions to the genome engineering toolbox.
We biochemically characterized two distinct ribonuclease properties of the Cas13d effector, which processes a CRISPR repeat array into mature guides via a HEPN domain-independent mechanism followed by guide sequence-dependent recognition of a complementary activator RNA. This triggers HEPN-mediated RNase activity, enabling Cas13d to cleave both activator and bystander RNAs, a property shared by other RNA-targeting CRISPR systems. Cas13d additionally exhibits no apparent flanking sequence requirements and was found to be active across crRNAs tiling a target RNA, suggesting the ability to target arbitrary ssRNA sequences.
A comprehensive activity reporter screen in human cells of Cas13d orthologs sampled from distinct branches of the Cas13d family revealed that NLS fusions to Cas13d from (D) Schematic of frontotemporal dementia (FTD) disease modeling. Neurons are generated via Neurogenin-2 (Ngn2) directed differentiation of patientderived and control iPSCs followed by transduction with dCasRx or vehicle control AAV (EFS-mTagBFP2).
(E) FTD is associated with SNPs in a putative intronic splice enhancer following exon 10 of the MAPT transcript encoding for tau. Alternative splicing of MAPT exon 10 results in 4R tau (by inclusion) and 3R tau (by exclusion). SNPs in the intronic splice enhancer including the indicated IVS 10 + 16 mutation result in increased exon inclusion and higher levels of 4R tau. gRNAs contained in a dCasRx array were targeted to the exon 10 splice acceptor (g1) as well as two putative exonic splice enhancers indicated in purple (g2, g3).
(F) Relative 4R/3R tau transcript ratios in differentiated neurons were assayed via qPCR at 14 days following transduction with AAV. FTD, frontotemporal dementia cells carrying IVS 10 + 16. Values are mean ± SD with n = 3. ****p < 0.0001. See also Figure S5 and Tables S2, S4 , and S5.
Ruminococcus flavefaciens strain XPD3002 (CasRx) can be engineered for programmable RNA targeting in a eukaryotic context ( Figure 4D ). CasRx knocked down a diverse set of 14 endogenous mRNAs and lncRNAs, consistently achieving >90% knockdown with favorable efficiency relative to RNA interference, dCas9-mediated CRISPR interference, and other members of the Cas13 superfamily ( Figure S5 ). Additionally, CasRx interference is markedly more specific than spacer-matching shRNAs, with no detectable off-target changes compared with hundreds for RNA interference. CasRx is a minimal two-component platform, consisting of an engineered CRISPR-Cas13d effector and an associated guide RNA, and can be fully genetically encoded. Because CasRx is an orthogonally delivered protein, HEPN-inactive dCasRx can be engineered as a flexible RNA-binding module to target specific RNA elements. Importantly, because CasRx uses a distinct ribonuclease activity to process guide RNAs, dCasRx can still be paired with a repeat array for multiplexing applications. We demonstrated the utility of this concept by creating a dCasRx splice effector fusion for tuning alternative splicing and resulting protein isoform ratios, applying it in a neuronal model of frontotemporal dementia.
At an average size of 930 aa, Cas13d is to our knowledge the smallest class 2 CRISPR effector characterized in mammalian cells. This allows CasRx effector domain fusions to be paired with a CRISPR array encoding multiple guide RNAs while remaining under the packaging size limit of the versatile AAV delivery vehicle (Naldini, 2015) for primary cell and in vivo delivery. Further, targeted AAV delivery of CasRx to specific postmitotic cell types such as neurons has the potential to mediate long-term expression of a corrective payload that avoids permanent genetic modifications or frequent re-administration (Chiriboga et al., 2016), complementing other nucleic acid targeting technologies such as DNA nuclease editing or antisense oligonucleotides. RNA mis-splicing diseases have been estimated to account for up to 15% of genetic diseases (Hammond and Wood, 2011), highlighting the potential for engineered splice effectors capable of multiplexed targeting. We envision diverse applications to complement RNA targeting for knockdown and splicing, such as live cell labeling and genetic screens to transcript imaging, trafficking, or regulation. CRISPR-Cas13d and engineered variants such as CasRx collectively enable flexible nucleic acid engineering, transcriptome-related study, and future therapeutic development, expanding the genome editing toolbox beyond DNA to RNA.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: immature neuronal cells were passaged with Accumax (Innovative Cell Technologies) and plated onto 96-well plates coated with poly-D-lysine and Matrigel in Neural Maturation media (NMM; 1:1 Neurobasal/DMEM (Life Technologies) containing B27 (Life Technologies), BDNF (10 ng/ml, Peprotech), N-Acetyl cysteine (Sigma), laminin (2 mg/ml, Life Technologies), dbcAMP (49 mg/ml, Sigma) and doxycycline (2 mg/ml, Sigma). Media was replaced the next day (day 7) with NMM containing AraC (2 mg/ml, Sigma) to eliminate any remaining non-differentiated cells. On day 8, AraC was removed and astrocytes were plated on top of neurons to support neuron cultures in NMM containing hbEGF (5 ng/ml, Peprotech). Cells were transduced with AAV on day 10 and assayed on day 24.
METHOD DETAILS Computational pipeline for Cas13d identification
We obtained whole genome, chromosome, and scaffold-level prokaryotic genome assemblies from NCBI Genome in June 2016 and compared CRISPRfinder, PILER-CR, and CRT for identifying CRISPR repeats. The 20 kilobase flanking regions around each putative CRISPR repeat was extracted to identify nearby proteins and predicted proteins using Python. Candidate Cas proteins were required to be > 750 aa in length and within 5 proteins of the repeat array, and extracted CRISPR loci were filtered out if they contained Cas genes associated with known CRISPR systems such as types I-III CRISPR. Putative effectors were clustered into families via all-byall BLASTp analysis followed by single-linkage hierarchical clustering where a bit score of at least 60 was required for cluster assignment. Each cluster of at least 2 proteins was subjected to BLAST search against the NCBI non-redundant (nr) protein database, requiring a bit score > 200 to assign similarity. The co-occurrence of homologous proteins in each expanded cluster to a CRISPR array was analyzed and required to be > 70%. Protein families were sorted by average amino acid length and multiple sequence alignment for each cluster was performed using Clustal Omega and the Geneious aligner with a Blosum62 cost matrix. The RxxxxH HEPN motif was identified in the Cas13d family on the basis of this alignment. TBLASTN was performed on all predicted Cas13d effectors against public metagenome whole genome shotgun sequences without predicted open reading frames (ORFs). The Cas13d family was regularly updated via monthly BLAST search on genome and metagenome databases to identify any newly deposited sequences. New full-length homologs and homologous fragments were aligned using Clustal Omega and clustered using PhyML 3.2. CRISPRDetect was used to predict the direction of direct repeats in the Cas13d array and DR fold predictions were performed using the Andronescu 2007 RNA energy model at 37 C (Andronescu et al., 2007) . Sequence logos for Cas13d direct repeats were generated using Geneious 10.
Protein expression and purification Recombinant Cas13d proteins were PCR amplified from genomic DNA extractions of cultured isolates or metagenomic samples and cloned into a pET-based vector with an N-terminal His-MBP fusion and TEV protease cleavage site. The resulting plasmids were transformed into Rosetta2(DE3) cells (Novagen), induced with 200 mM IPTG at OD 600 0.5, and grown for 20 hours at 18 C. Cells were then pelleted, freeze-thawed, and resuspended in Lysis Buffer (50 mM HEPES, 500 mM NaCl, 2 mM MgCl2, 20 mM Imidazole, 1% v/v Triton X-100, 1 mM DTT) supplemented with 1X protease inhibitor tablets, 1 mg/mL lysozyme, 2.5U/mL Turbo DNase (Life Technologies), and 2.5U/mL salt active nuclease (Sigma Aldrich). Lysed samples were then sonicated and clarified via centrifugation (18,000 x g for 1 hour at 4 C), filtered with 0.45 mM PVDF filter and incubated with 50 mL of Ni-NTA Superflow resin (QIAGEN) per 10 L of original bacterial culture for 1 hour. The bead-lysate mixture was applied to a chromatography column, washed with 5 column volumes of Lysis Buffer, and 3 column volumes of Elution Buffer (50 mM HEPES, 500 mM NaCl, 300 mM Imidazole, 0.01% v/v Triton X-100, 10% glycerol, 1 mM DTT). The samples were then dialyzed overnight into TEV Cleavage Buffer (50 mM Tris-HCl, 250 mM KCl, 7.5% v/v glycerol, 0.2 mM TCEP, 0.8 mM DTT, TEV protease) before cation exchange (HiTrap SP, GE Life Sciences) and gel filtration (Superdex 200 16/600, GE Life Sciences). Purified, eluted protein fractions were pooled and frozen at 4 mg/mL in Protein Storage Buffer (50 mM Tris-HCl, 1M NaCl, 10% glycerol, 2 mM DTT).
Preparation of guide and target RNAs
Oligonucleotides carrying the T7 promoter and appropriate downstream sequence were synthesized (IDT) and annealed with an antisense T7 oligo for crRNAs and PCR-amplified for target and array templates. Homopolymer target RNAs were synthesized by Synthego. The oligo anneal and PCR templates were in vitro transcribed with the Hiscribe T7 High Yield RNA Synthesis kit (New England Biolabs) at 31 C for 12 hours. For labeled targets, fluorescently labeled aminoallyl-UTP atto 680 (Jena Biosciences) was additionally added at 2 mM. Guide RNAs were purified with RNA-grade Agencourt AMPure XP beads (Beckman Coulter) and arrays and targets were purified with MEGAclear Transcription Clean-Up Kit (Thermo Fisher) and frozen at À80 C. For ssDNA and dsDNA targets, corresponding oligonucleotide sequences were synthesized (IDT) and either gel purified, or PCR amplified and then subsequently gel purified respectively.
Biochemical cleavage reactions
Purified EsCas13d protein and guide RNA were mixed (unless otherwise indicated) at 2:1 molar ratio in RNA Cleavage Buffer (25mM Tris pH 7.5, 15mM Tris pH 7.0, 1mM DTT, 6mM MgCl2). The reaction was prepared on ice and incubated at 37 C for 15 minutes prior to the addition of target at 1:2 molar ratio relative to EsCas13d. The reaction was subsequently incubated at 37 C for 45 minutes and quenched with 1 mL of enzyme stop solution (10 mg/mL Proteinase K, 4M Urea, 80mM EDTA, 20mM Tris pH 8.0) at 37 C for 15 minutes. The reaction was then denatured with 2X RNA loading buffer (2X: 13mM Ficoll, 8M Urea, 25 mM EDTA), at 85 C for 10 minutes, and separated on a 10% TBE-Urea gel (Life Technologies). Gels containing labeled targets were visualized on the Odyssey Clx Imaging System (Li-Cor); unlabeled array or target cleavage gels were stained with SYBR Gold prior to imaging via Gel Doc EZ system (Bio-Rad).
Transient transfection of human cell lines Engineered Cas13 coding sequences were cloned into a standardized plasmid expression backbone containing an EF1a promoter and prepared using the Nucleobond Xtra Midi EF Kit (Machery Nagel) according to the manufacturer's protocol. NLS-LwaCas13a-msfGFP and PspCas13b-NES-HIV were PCR amplified from Addgene #103854, and #103862, respectively, a gift from Feng Zhang. Cas13d pre-gRNAs and gRNAs were cloned into a minimal backbone containing a U6 promoter. shRNAs and guides for LwaCas13a were cloned into the same backbone and position matched to their corresponding guide RNA at the 3 0 of the target sequence. U2OS cells were plated at a density of 20,000 cells per well in a 96-well plate and transfected at > 90% confluence with 100 ng of Cas13d expression plasmid using Lipofectamine 3000 (Life Technologies) according to the manufacturer's protocol and processed for immunocytochemistry after 48h. , 0.2% BSA, 2 mM EDTA). Flow cytometry was performed in 96-well plate format using a MACSQuant VYB (Miltenyi Biotec) and analyzed using FlowJo 10. RG6 was a gift from Thomas Cooper (Addgene plasmid # 80167) and modified to replace EGFP with mTagBFP2. All represented samples were assayed with three biological replicates. In the mCherry reporter assay, data is representative of at least 20,000 gated events per condition. In the splicing reporter assay, data is representative of at least 2,500 gated events per condition.
Gene expression analysis
Cells were lysed 48 hours post-transfection with DTT-supplemented RLT buffer and total RNA was extracted using RNeasy Mini Plus columns (QIAGEN). 200 ng of total RNA was then reverse transcribed using random hexamer primers and Revertaid Reverse Transcriptase (Thermo Fisher) at 25 C for 10 min, 37 C for 60 min, and 95 C for 5 min followed by qPCR using 2X Taqman Fast Advanced Master Mix (Life Technologies) and Taqman probes for GAPDH and the target gene as appropriate (Life Technologies and IDT). Taqman probe and primer sets were generally selected to amplify cDNA across the Cas13 or shRNA target site position to prevent detection of cleaved transcript fragments (Table S4) . qPCR was carried out in 5 mL multiplexed reactions and 384-well format using the LightCycler 480 Instrument II (Roche). Fold-change was calculated relative to GFP-transfected vehicle controls using the ddCt method. One-way or two-way ANOVA with multiple comparison correction was used to assess statistical significance of transcript changes using Prism 7.
Immunohistochemistry
For immunohistochemical analysis, U2OS cells were cultured on 96-well optically clear plates (Greiner Bio-One), transfected as previously described, then fixed in 4% PFA (Electron Microscopy Sciences) diluted in PBS (GIBCO) and washed with 0.3M glycine (Sigma) in PBS to quench PFA. Samples were blocked and permeabilized in a PBS solution containing 8% donkey serum (Jackson ImmunoResearch), 8% goat serum (Cell Signaling Technologies), and 0.3% Triton X-100 (Sigma) for one hour, followed by primary antibody incubation in 1% BSA (Fisher Bioreagents), 1% goat serum, and 0.25% Triton-X overnight at 4 C. Samples were washed 3 times with PBS containing 0.1% BSA and 0.1% Triton X-100 before incubating with fluorophore-conjugated secondary antibodies in PBS with 0.05% Triton X-100 and 1% BSA at room temperature for one hour. Cells were washed with PBS with 0.1% Triton-X, stained with DAPI, and then covered with Mounting Media (Ibidi) before imaging. Primary antibody, HA-Tag 6E2 (Cell Signaling, 2367) , was used at a 1:100 dilution as per manufacturer's instructions. Secondary antibodies used were goat anti-mouse IgG1-Alexa Fluor 647 (Thermo Fisher, A21240) and Anti-Mouse IgG1 CF 633 (Sigma, SAB4600335). Confocal images were taken using a Zeiss Airyscan LSM 880 followed by image processing in Zen 2.3 (Zeiss).
Bacterial small RNA sequencing and analysis E. coli DH5a cells were transformed with pACYC184 carrying the CRISPR-Cas13d locus derived from an uncultured Ruminococcus sp. strain. Cells were harvested in stationary phase, rinsed in PBS, resuspended in TRIzol (Life Technologies), transferred to Lysing Matrix B tubes containing 0.1 mm silica beads (MP Biomedicals), and homogenized on a Bead Mill 24 (Fisher Scientific) for three 30 s cycles. Total RNA was isolated by phenol-chloroform extraction, then purified using the DirectZol Miniprep Kit (Zymo Research). RNA quality was assessed on an Agilent 2200 Tapestation followed by Turbo DNase treatment (Ambion). Total RNA was treated with T4 Polynucleotide Kinase (NEB) and rRNA-depleted using the Ribo-Zero rRNA Removal Kit for bacteria (Illumina). RNA was treated with RNA 5 0 polyphosphatase, poly(A)-tailed with E. coli poly(A) polymerase, and ligated with 5 0 RNA sequencing adapters using T4 RNA ligase 1 (NEB). cDNA was generated via reverse transcription using an oligo-dT primer and M-MLV RT/RNase Block (AffinityScript, Agilent) followed by PCR amplification and barcoding. Resulting libraries were sequenced on Illumina MiSeq, demultiplexed using custom Python scripts, and aligned to the Cas13d CRISPR locus using Bowtie 2. Alignments were visualized with Geneious.
Ngn2 lentivirus preparation
Low passage HEK293FT cells were transfected with Polyethylenimine Max (PEI, Polysciences) and Ngn2 target plasmid plus pMDG.2 and psPAX2 packaging plasmids (a gift from Didier Trono, Addgene #12259 and #12260) in DMEM + 10% FBS media during plating. The following day, media was changed to serum-free chemically defined minimal medium (Ultraculture supplemented with Glutamax, Lonza). Viral supernatant was harvested 48h later, clarified through a 0.45 micron PVDF filter (Millipore) and concentrated using ultracentrifugation.
AAV preparation
Low passage HEK293FT cells were transfected with Polyethylenimine Max (PEI, Polysciences) and AAV target plasmid plus AAV1 serotype and pAdDeltaF6 helper packaging plasmids (UPenn Vector Core) in DMEM + 10% FBS media during plating. The following day, 60% of the media was changed to chemically defined minimal medium (Ultraculture supplemented with Glutamax, Lonza). 48h later, AAV-containing supernatant was harvested and clarified through a 0.45 mm PVDF filter (Millipore) and concentrated using precipitation by polyethylene glycol (PEG virus precipitation kit #K904, Biovision) following the manufacturer's protocol.
RNA-seq library preparation and sequencing 48h after transfection, total RNA was extracted from 293FT cells using the RNeasy Plus Mini kit from QIAGEN. Stranded mRNA libraries were prepared using the NEBNext II Ultra Directional RNA Library Prep Kit from New England Biolabs (Cat# E7760S) and sequenced on an Illumina NextSeq500 with 42 nt paired end reads. $15M total reads were demultiplexed per condition.
RNA-seq analysis
Sequenced reads were quality-tested using FASTQC and aligned to the hg19 human genome using the 2.5.1b STAR aligner (Dobin et al., 2013) . Mapping was carried out using default parameters (up to 10 mismatches per read, and up to 9 multi-mapping locations per read). The genome index was constructed using the gene annotation supplied with the hg19 Illumina iGenomes collection (Illumina) and sjdbOverhang value of 100. Uniquely mapped reads were quantified across all gene exons using the top-expressed isoform as proxy for gene expression with the HOMER analysis suite (Heinz et al., 2010) , and differential gene expression was carried out with DESeq2 v 1.14.1 (Love et al., 2014) using triplicates to compute within-group dispersion and contrasts to compare between targeting and non-targeting conditions. Significant differentially expressed genes were defined as having a false discovery rate (FDR) < 0.01 and a log2 fold change > 0.75. Volcano plots were generated in R 3.3.2 using included plotting libraries and the alpha() color function from the scales 0.5.0 package.
QUANTIFICATION AND STATISTICAL ANALYSIS Statistics
All values are reported as mean ± SD or mean ± SEM as indicated in the appropriate figure legends. For comparing two groups, a one-tailed Student's t test was used and statistical significance was determined using the Holm-Sidak method with alpha = 0.05. A one-way ANOVA with Tukey multiple hypothesis correction was used to assess significance between more than two groups. Twoway ANOVA was used when comparing across two factors (i.e., RNA targeting modality and guide position) and adjusted for multiple hypothesis correction by Sidak's multiple comparisons test. For comparing groups that were found to not meet the assumption of a normal distribution by a D'Agostino and Pearson normality test, the non-parametric Friedman test with Dunn's multiple comparison adjustment was performed. PRISM 7.0 was used for all statistical analysis. Sample sizes were not determined a priori. At least three biological replicates were used for each experiment, as indicated specifically in each figure.
DATA AND SOFTWARE AVAILABILITY
The accession number for the sequencing data reported in this paper is GEO: GSE108519. Figure S1 . Bioinformatic Pipeline for the Identification of the RNA-Targeting Class 2 CRISPR System Cas13d, Related to Figure 1 (A) Schematic describing a computational pipeline for CRISPR system identification. A minimal definition for a putative class 2 CRISPR locus was used, requiring only a CRISPR repeat array and a nearby protein > 750 aa in length. As per Methods, initial search was performed on prokaryotic genome assemblies derived from NCBI Genome, and later expanded via TBLASTN of predicted Cas13d proteins against public metagenome sequences without predicted open reading frames. DR, direct repeat. (B) Phylogenetic classification and alignment of full-length Cas13d effectors and metagenomic fragments. Cas13d effectors and metagenomic Cas13d protein fragments cluster into several distinct branches, which are colored for ease of interpretation. Shading indicates residue conservation using the Blosum62 matrix. Full-length Cas13d effectors used in this study were sampled from distinct branches of the Cas13d family. Alignment of Cas13d proteins and protein fragments was performed using ClustalOmega 1.2.4 and maximum-likelihood tree building was performed with PhyML 3.2. (legend continued on next page) (B) Maximum-likelihood tree of type VI CRISPR-Cas families. Average amino acid lengths of Type VI Cas13 superfamily effectors are indicated in red. Alignment of previously described class 2 CRISPR RNA-targeting proteins Cox et al., 2017; East-Seletsky et al., 2016 Smargon et al., 2017) and Cas13d effectors was performed using MAFFT 7.38 and maximum-likelihood tree building was performed with PhyML 3. Figure 5B containing a guide position matched to the shRNA shown in (A) and a non-targeting (NT) array. ANXA4 was the only transcript exhibiting significant downregulation with n = 3. HIST2HBE was the only transcript identified to exhibit significant upregulation. H2B is a dimer partner of H2AX (Du et al., 2006) which has been shown to interact with ANXA4 (Yang et al., 2010) .
